Subcloning of nbaA and nbaB and expresssion in E. coli. The DNA fragment 1 carrying nbaA and nbaB were amplified from KU-7 genomic DNA by using 2 KOD-Plus-DNA polymerase (Toyobo) with the following pairs of PCR primers, and 3 the desired restriction sites (EcoRI and PstI [underlined sequences]) to facilitate 4 subsequent cloning: nbaA, 5'-CGGAATTCATGACGCACATTGCAATGTCA and 5 5'-AAAACTGCAGTCAGGGAGTAATCGGAAAGA.
nbaB, 6 5'-CGGAATTCATGTCCAATGCCCCGAATGCA and 7 5'-AAAACTGCAGTGAGTATTGTCAGGAAGT. 8
In each case, the amplified DNA fragment was purified from an agarose gel, 9 digested with the appropriate restriction enzymes, and cloned in the linearized pSD80 10 tac-inducible expression vector (66). The resultant recombinant plasmids were 11 designated pSDnbaA and pSDnbaB (Table 1) . DNA sequencing was performed to 12 exclude the possibility of mutations of the amplified genes. The plasmid carrying E. 13 coli BL21 cells were cultivated in 100 ml of LB medium containing 100 µ g of Ap/ml 14 at 30°C. When the culture reached an A 600 of 0.3 to 0.4, 15
isopropyl-ß-thio-D-galactoside (IPTG) was added to a final concentration of 1 mM in 16 the medium. The cells were further cultured for 3 h, harvested by centrifugation, 17 washed twice with 50 mM potassium phosphate buffer (pH 7.0), resuspended with the 18 same buffer, and sonicated by two 30-s bursts with a Braun-Sonifier 250 apparatus. 19
After centrifugation for 30 min at 18,000 x g at 4°C, the supernatant was used for the 20 determination of enzyme activity. 21
Co-expression of nbaA and nbaB in E. coli. Two strategies were used. First, tandem 22 expression of the two genes on a single plasmid, and second, expression of nbaA and 23 nbaB on two compatible plasmids. In the tandem gene construct, the strategy was to 24 have a single transcript producing two independently translated polypeptides with the 25 use of a strong ribosomal binding site located between the two genes. Toward this 26 H110A: 5'-GATTTCCCCTCTGCGATCTCAGAAGCC; 23 E113A: 5'-TCTCATATCTCAGCGGCCGAAGCCGTT. 24
After cloning, the sequences of the cloned fragments were confirmed by DNA 25 sequencing and their expression verified.
Partial purification of 2-NBA nitroreductase. The cell extract of strain KU-7 1 harvested from 1.25 litres of culture was used as the starting material for the 2 purification of 2-NBA nitroreductase. All procedures were carried out at 4 o C. The cell 3 extract was fractionated using ammonium sulfate at 30 to 50% saturation. The 4 resulting precipitate was dissolved in 50 mM potassium phosphate buffer (pH 7.0). 5
This enzyme solution was dialyzed against the same buffer for 12 hrs. The dialyzed 6 solution was put on a DEAE-Cellulose DE52 column. The column was washed with 7 50 mM potassium phosphate buffer (pH 7.0) until no protein could be detected in the 8 flow-through, and the enzyme was subsequently eluted with a linear gradient of 0 to 9 0.5 M KCl in the same buffer. Active fractions were collected, pooled, and used as a 10 partially purified 2-NBA nitroreductase. 11
Protein analysis. The partially purified 2-NBA nitroreductase was subjected to 12 (12%) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 13 carried out by conventional method on a Mini-PROTEAN II Electrophoresis cell 14 (Nippon Bio-Rad Laboratories, Tokyo). The gel was transferred to a polyvinylidene 15 difluoride membrane (MiniProBlott; Applied Biosystems Japan Ltd.) with a Mini 16
Trans-Blot electrophoretic transfer cell (Nippon Bio-Rad laboratories) as described by 17 the manufacturer. The area on the membrane containing 2-NBA nitroreductase was cut 18 out and subjected to N-terminal amino acid sequencing with a model PPSQ-21 protein 19 sequencer (Shimadzu Co., Kyoto, Japan). 20
Molecular modeling of NbaA and its complexes with Ni 2+ , FMN and NADPH. 21
Structural bioinformatics analysis of the NbaA sequence was carried out at the 22 BioInfoBank MetaServer (http://bioinfo.pl/meta), which assembles state-of-the-art 23 fold recognition methods and provides a consensus sequence-to-structure 24 hyper-scoring with the 3D-JURY meta-predictor (24). 25
Structural manipulations were done with the SYBYL 6.6 software (Tripos, Inc., St. 26 1 employed to delineate six structurally conserved regions (SCRs) and five intervening 2 structurally variable loop regions (SVRs) between NbaA and its template structures. 3
The NbaA residues in the SCRs were modeled based on the structures of the two 4 closest homologs (an FMN-binding protein and a styrene monooxygenase, PDB codes 5 1EJE and 1USF, respectively), while the SVRs were initially built using the PROTEIN 6 LOOPS structure database search module in SYBYL. Based on the crystal structure of 7 the closest NbaA homolog identified (PDB code 1EJE), the NbaA homodimer was 8 then assembled, together with one FMN molecule, one divalent metal ion (Ni conformation of the 2'-P-AMP half of the NADPH was also built by analogy as 21 extending outward from the pocket. The resulting NADPH binding mode was then 22 relaxed by energy minimization. Feasible bound conformations of the solvent exposed 23 2'-P-AMP moiety were subsequently explored using the Monte Carlo-minimization 24 (MCM) conformational sampling procedure (44) adapted to flexible ligand docking 25 (13, 46, 65) . The NMN half of NADPH was kept as an anchor from which random 26 dihedral angle perturbations were introduced in the 2'-P-AMP half of NADPH, 1 followed by energy minimizations, for a total of 10,000 MCM cycles. 2 Docking of 2-NBA to the modeled NbaA-Ni 2+ -FMN complex. This was 3 performed manually, first by positioning its aromatic ring similarly with the 4 nicotinamide ring in the modeled NADPH complex (resulting in parallel stacking 5 between 2-NBA and the isoalloxazine ring of FMN). Several alternate orientations of 6 2-NBA with respect to its two ortho groups were then generated and refined 7 independently by energy minimization. 8
All conjugate gradient energy minimizations were carried using the AMBER 9 all-atom molecular mechanics force field (17, 73). A distance dependent (4R ij ) 10 dielectric, an 8 Å non-bonded cutoff and a root-mean-square gradient of 0.05 11 kcal/(mol·Å) were used. The protonation state at physiological pH was adopted. consisted of 50 mM phosphate buffer (pH 7.0) that contains 20 µΜ EDTA and 0.05% 1 glycerol. Cells were grown in MS medium, pelleted, washed and suspended in drop 2 assay medium, and finally poured into petri plates. The chemotactic response was 3 determined by placing the paper disk containing 100 mM attractant at the center of the 4 plate. Agarose plug assays were carried out with slight modifications as previously 5 described (41, 75). Plugs contained 2% agarose in chemotaxis buffer (50 mM 6 phosphate buffer (pH 7.0) that contains 20 mM EDTA and 0.05% glycerol), and 10 7 mM 2-NBA. A drop (100 µl) of the melted agarose mixture was placed on a Petri dish. 8
Cells were grown in MS medium, pelleted, washed and suspended in chemotaxis 9 buffer, and finally poured into Petri plates with agarose plug. The chemotactic 10 response was determined by the ring appearance after 20 min incubation at room 11
temperature. 12
Nucleotide sequence accession number. The nucleotide sequence determined in this 13 study has been deposited in the DDBJ under accession number AB263093. 14
RESULTS AND DISCUSSION 1
Isolation of the nbaA disrupted mutant strain by transposon mutagenesis. In 2 our previous study, analysis of a 19-kb DNA region of strain KU-7 that encompasses 3 the 3-HAA meta-cleavage and regulatory gene cluster, designated nbaEXHJIGFCDR, 4 was found to be devoid of the two initial degradative genes, nbaA and nbaB (49). We 5 screened additional Tn5-31Tp transformants and obtained apparently new candidates 6 that were unable to grow on 2-NBA as a sole carbon source. Some 500-bp sequences 7
were determined from each IPCR product and used to search the nonredundant protein 8 sequence database of the NCBI for the presence of possible target sequences. However, 9 the majority of the transposon insertion sites, except KUM-9, -19 and -33 ( Fig. 1) , 10 appeared to bombard the known 3-HAA meta-cleavage and regulatory gene cluster 11 (49) . 12
Insertion site of Tn5-31Tp in strain KUM-9 was found to be within a 386-codon 13 vector. In the former case, transformants were selected on trimethoprim-and 1 ampicillin-containing plates. In the latter case, kanamycin and ampicillin were used as 2 the selection markers. The resulting plasmids were designated pNBA5 and pNBA6, 3
respectively. The pNBA5 insert contained a 4.5-kb Tn5-31Tp segment and 2.9-kb of 4 KU-7 DNA. Plasmid pNBA6 was found to contain a 3-kb Tn5-31Tp insert and 1.1 kb 5 of KU-7 DNA. 6
In parallel with the transposon mutagenesis experiment, DNA sequence of the 7 flanking region of the 9.3-kb HindIII fragment was determined by direct sequencing 8 of a IPCR product. The template for IPCR was prepared from self-ligated 5.5-kb PstI 9 fragment. The sequence of IPCR product revealed that there is a 13-bp gap between 10 KU-7 DNA in pNBA6 and 9.3-kb HindIII fragment (pNBA3). 11
Sequencing of the Tn5-31Tp flanking regions in pNBA5 and pNBA6 and data 12 analysis revealed three ORFs, two divergently transcribed orf22 and orf23, separated 13 by a 419-bp intergenic space, and 160-bp downstream of orf23 and on the same DNA 14 strand, the presence of orf24 ( (unpublished). The sequence alignment of NbaA and these five structurally similar 23 enzymes is given in Fig. 4A . 24
This alignment formed the basis for the three-dimensional homology modeling of 25 the NbaA homodimeric structure (Fig. 4B) . The core of each modeled NbaA subunit is 26 proposed to be organized around a six-stranded antiparallel β-barrel with a capping 1 α-helix, a fold recognized as a circular permutation of the flavin binding domain of 2 the ferredoxin reductase superfamily (34, 45, 50). However, the ferredoxin 3 reductase-type proteins utilize a second, Rossmann fold domain to bind the NAD(P)H 4 (34). The homology to the NADH:FMN oxidoreductase-like fold family strongly 5
suggests that the predicted single-domain structure of NbaA would provide both the 6 flavin and NAD(P)H binding sites (12, 70). 7
The modeled binding mode of FMN to NbaA (Fig. 4C ) is similar to that observed in 8 other members of the NADH:FMN oxidoreductase-like fold family (12, 70). FMN fits 9 into a well-shaped groove near the homodimer interface of NbaA. Based on this 10 proposed model, the si face of the isoalloxazine ring is buried against the β-barrel and 11 directly contacts the main-chain atoms of residues Ser45, Ala46, Ala60, Asp62, and 12 side-chain atoms of Ser45 and Lys75 via hydrogen bonds, as well as Ile27, Pro43, (14) , the structural template 21 most similar in primary sequence to NbaA. In the more distant structural homologs of 22
NbaA, this phosphate-bridging role is fulfilled by protein side chains, e.g., the 23 ammonium group of Lys69 in ferric reductase (PDB codes 1I0R and 1I0S) (12). In the 24 modeled NbaA-FMN complex, the octahedral coordination sphere of the Ni 2+ metal 25 ion consists of side-chain oxygen atoms from residues Asn40, Asp76 and Glu113 26 (Asn36, His62 and Glu99, respectively, in the FMN-binding protein MTH152), two 1 water molecules, and an oxygen atom from the FMN phosphate (Fig. 4C) . 2
The NADPH binding mode to NbaA (Fig. 4D) adenosine portion of NADPH, it also appeared that the adenine moiety has a tendency 18 to interact with the loop β5-α2 of NbaA (Fig.4B, 4D ). The resolution of our modeled 19 structure in this solvent exposed region does not allow speculations on specific 20 intermolecular interactions. Interestingly, the β5-α2 loop of NbaA includes a 21 10-residue insertion relative to the other members of the NADH:FMN 22 oxidoreductase-like structural family (Fig. 4A) . Thus, it resembles the corresponding 23 loop of the ferredoxin reductase superfamily members, that has been shown to be able 24 to interact via one of its aromatic residues with the adenine moiety of FAD (8, 19) . 25
The β5-α2 loop of NbaA does include an aromatic residue, His69, which might 26 therefore represent a potential site for interaction with the adenine moiety of NADPH. 1 Proposed NbaA reaction mechanism. A structural model for the 2-NBA substrate 2 binding mode to NbaA assumes the ping-pong mechanism in which the oxidized 3 coenzyme leaves its binding site and is replaced by the substrate that contacts the 4 enzyme-bound reduced flavin. This assumption is supported by the available data for 5
NbaA structural homologs such as ferric reductase (12) Site directed mutagenesis of predicted NbaA active site residues. Structural 10 modeling analysis of relevant NbaA complexes suggests how specific residues may 11 contribute to the catalytic activity of the enzyme, and thus forms the basis for 12 mutational analyses. We first probed by site-directed mutagenesis the predicted metal 13 binding residues Asn40, Asp76 and Glu113. We also mutated residue His69 from the 14 10-residue insertion loop β5-α2 predicted to interact with the adenosine portion of 15 NAD(P)H. Mutations of two other histidine residues, His63 and His110, predicted to 16 be solvent exposed and not to contribute to NbaA activity (neither via ligand binding 17 nor dimerization), were also tested. Hence, we generated six NbaA variants that in 18 each case resulted in an alanine substitution. Individual mutations of the three 19 predicted divalent metal ion binding site residues (N40A, D76A, and E113A) resulted 20 in a complete loss of the NbaA activity (Table 2) . These results are in agreement with 21 our model showing that the metal ion would act as a bridge between the FMN 22 phosphate and the protein, thus being essential for FMN binding (Fig. 4C) . The H69A 23 substitution resulted in an enzyme that retained only 2-3% of the wild-type NbaA 24 activity, but nonetheless still active (Table 2 ). In a recent study of another 25 NADH:flavin oxidoreductase, a similar drop in activity has been observed for a 26 histidine residue that represents an NADH interacting site (60). Taken together, these 1 observations are in agreement with the predicted NAD(P)H interacting role of His69 2 in NbaA. On the other hand, the H63A and H110A substitutions retained 72-73% and 3 33-44% of the original activity, respectively, indicating that these residues do not 4 contribute substantially toward NbaA activity. For all active mutants, it was shown 5 that the addition of exogenous FMN potentiated the various enzyme activities about 3 6 to 5 fold. We also noted that the amounts of the variant NbaA proteins produced, as 7 evident in a Coomassie-stained SDS-PAGE analysis, are comparable to the native 8
NbaA (results not shown). Certainly, additional biochemical data from purified 9 enzyme and direct experimental structural evidence will be required for a refined 10 characterization of the NbaA catalytic residues and mechanism. To test whether NbaY serves as a possible chemoreceptor for 2-NBA, we 1 constructed a nbaY deletion mutant, designated strain KU-∆Y. The use of three 2 independent assays by their ring appearance in the case of the wildtype compared to 3 the mutant supported the involvement of NbaY in 2-NBA chemotaxis (Fig. 6) . In 4 liquid culture, strain KU-∆Y grew just as readily as the wildtype when 2-NBA was 5 used as the sole carbon source. At this time, we have not tested whether any of the 6 2-NBA metabolite would serve as a chemoattractant. A detailed chemotaxis study is 7 outside our present scope. 8
To the best of available knowledge, NahY and PcaK (a transporter and 9 chemoreceptor protein from P. putida PRS2000 that is encoded as part of the 10 beta-ketoadipate pathway regulon for aromatic acid degradation) are two of the and helix α2 (amino acids 65-74) is unique to NbaA that attacks an ortho-substituted 5 nitroaromatic substrate. It is unfortunate that we are as yet unable to assign a function 6 or substrate to the MTH152 FMN-binding protein of M. thermoautotrophicum (14) . 7
However, the structure relationship of MTH152 to NbaA suggests that aromatic 8 compounds should be tested as possible substrates. 9
The availability of NbaA and NbaB-encoding genes paves a plausible 10 biotechnological route for the production of 3-HAA, a known antioxidant and for its degradation of chlorinated alkenes such as cis-dichloroethene, but no other 1 compounds (16) . Evidently, the gene organization of the core nba biodegradative gene 2 cluster (i.e, from nbaA to nbaR) is the same in the two strains. Notable differences are 3 in the lengths of the various intergenic spaces and especially the presence of a putative 4 integrase and insertion sequence IS3 and IS911 found at both ends of the JS666 gene 5 locus, in the regions otherwise occupied by nbaY and orf17 in strain KU-7 (Fig. 6) . 6
This observation leads to the possibility that the nba gene locus constitutes a 7 transferable or transposable "genomic island" or integrative and conjugative elements 8 as frequently found among catabolic pathways of pollutant-degrading bacteria (72). 
